We report on a combined measurement of high-resolution x-ray diffraction on powder and Raman scattering on single crystalline NiS2−xSex samples that exhibit the insulator-metal transition with Se doping. Via x-rays, an abrupt change in the bond length between Ni and S (Se) ions was observed at the transition temperature, in sharp contrast to the almost constant bond length between chalcogen ions. Raman scattering, a complementary technique with the unique sensitivity to the vibrations of chalcogen bonds, revealed no anomalies in the phonon spectrum, consistent with the x-ray diffraction results. This indicates the important role of the interaction between Ni and S (Se) in the insulatormetal transition. The potential implication of this interpretation is discussed in terms of current theoretical models.
I. INTRODUCTION
NiS 2−x Se x is an intriguing strongly correlated system showing the transition 1 from an insulating NiS 2 phase to a metallic NiSe 2 phase via Se doping [2] [3] [4] [5] [6] [7] . NiS 2−x Se x is especially suitable for the study of bandwidth-controlled transitions induced purely by the electron-electron correlation. Specifically, the insulator-to-metal (IM) transition is not obscured by a structural transition, as it preserves its parent crystal symmetry by connecting two isostructural and isoelectronic end compounds. Thus, NiS 2−x Se x provides a rare opportunity to directly compare experimental and theoretical results.
NiS 2−x Se x has a pyrite structure composed of Ni and chalcogen dimer ions, whose centers of masses are located in the face-centred cubic lattices and at the center of edges of the unit cell, respectively [see Fig. 1(a) ]. Its electronic structure can be understood in terms of chalcogen dimer bonding that accepts two electrons from Ni ions, forming the Ni 2+ state with two electrons occupying the e g orbitals 5 . The doping of larger Se ions alters the bond distances as well as the hybridization, stabilizing distinct electronic and magnetic phases [as denoted in the phase diagram in Fig. 1(b) ].
The transition in NiS 2−x Se x can be explained with respect to the p-d hybridization in a charge transfer (CT) insulator NiS 2 8,9 , in which the chalcogen p-band is located between upper and lower Hubbard bands of Ni d orbitals. With the substitution of the larger Se ions (than S ions), the p-d hybridization becomes stronger and the hopping energy thus increases. This closes the CT gap, stabilizing the metallic phase via the transition 10, 11 . Recently, a new microscopic mechanism 12 involving the X -X (X = S, Se) dimer in NiS 2−x Se x has been suggested. In this model, a p * σ -band of NiS 2−x Se x is located below the upper Hubbard band and forms a p-band gap with the rest of the p-band across the Fermi level. As the length of Se -Se dimer is longer than that of the S -S dimer, the Se substitution for S ions reduces the size of the p-band gap and finally leads to the metallic state.
Given this inconsistency in the underlying microscopic mechanism and the controversial role of chalcogen dimers in the transition [11] [12] [13] [14] , it would be of interest to examine the crystal structure and its dynamics. The literature suggests a strong charge-lattice coupling, such as the sudden volume change observed at the transition temperature 15, 16 . However, to the best of our knowledge, detailed structural investigations of NiS 2−x Se x with doping and temperature have yet to be made.
Here we present a comprehensive analysis by applying a combined experimental technique of highresolution x-ray diffraction (XRD) and Raman scattering to NiS 2−x Se x compounds, to investigate their crystal structures and dynamics. At the transition temperature, XRD measurements showed a sudden contraction of the cubic lattice parameter. A similar trend in the distance between Ni and chalcogen ions upon both Se doping and temperature was also observed. This is in sharp contrast to the gradual change in distance between chalcogen ions. Results from Raman scattering study confirm absence of anomalies in the phonon spectra from the dimers. These consistent results indicate the important role of the interaction between Ni and chalcogen ions in the transition, as opposed to that between chalcogen dimers, more in agreement with the CT mechanism.
The paper is organized as follows. Resistivity data from high-quality powder sample of NiS 2−x Se x are presented in Sec. II; the results show the evolution of electronic properties over a wide range of doping concentrations. The crystal structures of the same samples were carefully determined with XRD, as presented in Sec. III, followed by Raman scattering analysis of the two single crystals in Sec IV, in which the change of the Ramanactive chalcogen phonons is examined. Their implications of the IM transition are discussed in Sec. V. Finally, conclusions are summarized in Sec. VI. . The transition is of the first-order at the antiferromagnetic boundary (a dotted black line), whereas a crossover-like transition exists in the paramagnetic states (a dashed black line) based on previous neutron works 16 . AFI (AFM) refers to an antiferromagnetic insulator (metal). The same compositions of compounds used for resistivity measurements in (d) are color-coded in (b) with solid arrows; dotted arrows represent compositions used for Raman measurements, as shown in Fig. 4 . (c) Resistivity data from powder samples. The inset shows the differentiation of resistivity data by temperature, with a clear peak seen at about 47 K, the TIM. (d) Fitted cubic lattice parameter (ac) in the cubic symmetry from powder XRD measurements. Filled (empty) symbols are obtained from fits using the full (focused) 2θ range of XRD data.
The appendices contain the full details of sample growth in Appendix A, resistivity measurements in Appendix B, powder XRD measurements in Appendix C, refined crystal structures in Appendix D, sample characterizations of single crystals used in Raman measurements in Appendix E, technical details for Raman scattering in Appendix F, and the effect of beam-heating on Raman measurements in Appendix G. Tables provide additional information on the refined crystal structures and positions of phonon peaks.
II. RESISTIVITY
Figure 1(c) shows the resistivity data from powder samples, categorized into three regimes: insulating (x ≤0.43), transition (0.47 ≤ x ≤ 0.52), and metallic (x ≥ 0.6) 16 . At lower doping, the samples showed simple insulating behavior with a small hump, suggestive of the effect from a short-range magnetic order 16 . Resistivity data corresponding to intermediate doping revealed a clear first-order IM transition at x = 0.47 within a narrow temperature range of about 5 K at around 47 K [confirmed as the percolation of two phases in powder XRD, as shown in Figs. 3(a, b) ]. This was followed by a crossover-like transition at x = 0.52 (from T = 80 K to 120 K) that became metallic at higher Se doping. The transition at T = 0 K is expected at x = 0.42, based on extrapolation from a fitted line using three data points from resistivity and XRD data [see the three circular symbols in Fig. 1(b) ]. The NiS 2−x Se x structures of the same powder samples were examined by high-resolution XRD, as explained in the next section.
III. POWDER X-RAY DIFFRACTION
High resolution x-ray diffraction (XRD) can provide the structural information in NiS 2−x Se x associated with the IM transition. Synthesized high-quality powder samples [as described in Appendix A] were examined over a wide range of doping concentrations and temperatures [see solid arrows in Fig. 1(b) for the doping range covered].
To map out the lattice parameters in the phase space of Se doping and temperature, we traced the change in the (3 1 1) Bragg peak [denoted as empty symbols in Fig. 1(d) ], taking advantages of its stronger diffraction signal and higher 2θ resolution compared to other peaks. Figure 2 (a) shows typical double peaks (owing to Cu K α1 and K α2 wavelengths) for the (3 1 1) peak of the x = 0.49 sample at room-temperature and 12 K. The fitted full-width-half-maximum of the peak was about 0.056
• , which indicated that the powder samples were of a high quality.
Figure 1(d) shows the change of the cubic lattice parameter a c (c for cubic) with temperature; a linear dependence was revealed for insulating powder samples (x = 0.24, 0.43 in NiS 2−x Se x ) whereas a c for the metallic powder (x = 0.60, 0.68) exhibited parabolic behavior as the temperature approached 100 K. In contrast, two intermediate dopings (x = 0.47, 0.49) revealed a sudden jump in a c at about 47 K and 65 K, respectively, which coincides with the IM transition temperature (T IM ) in the resistivity data [see Fig. 1(c) ], reproducing the results in the literature 16 . For the detailed structural analysis of the relationship between the structure and the transition, the full range of 2θ XRD data were collected for all dopings at roomtemperature and 12 K [filled symbols at both tempera- A. Doping-dependent powder XRD Figure 2 (b) shows an evolution of a c with Se doping at both 298 and 12 K. At 12 K, the lattice parameter is greatly reduced, shifting the (3 1 1) peak to the larger 2θ [see Fig. 2(a) ]. However, this structural modification does not break the cubic crystallographic symmetry as X ions move along the cubic diagonal direction with the doping. Neither peak splitting nor superlattice peaks caused by a lowered symmetry were found within our experimental resolution; thus, the XRD data supported the parent cubic structure. To examine the structural variations such as bond distances, we performed Rietveld refinement (with the Fullprof package 17 ) using a more realistic Se doping based on Vegard's law 18, 19 [see Appendix D for the detailed procedure and full results from the refinement]. coordination-x of X ions inside the unit cell 20 . As illustrated in Fig. 2(b) , a c at 298 K increased with the doping due to the larger ionic size of Se than that of S, agreeing well with Vegard's law and indicative of a well-defined solid solution NiS 2−x Se x . However, a c at 12 K showed an anomaly for metallic phases (x = 0.49 or 0.52), similar to the evolution of d Ni−X at 12 K. This is in sharp contrast to d X−X , in which there were no such anomalies with Se doping at both 298 K and 12 K. Refinement results at 298 K in Figs. 2(b-d) are compatible with previous XRD measurements on NiS 2−x Se x thin films 19 . To crosscheck this structural anomaly, temperature-dependent XRD measurements were conducted on the three selected powder samples by scanning the vertical line (the temperature scan) in the phase diagram of Fig. 1(b) ; the results are presented in Sec. III B.
B. Temperature-dependent powder XRD Powder XRD measurements were performed on x = 0.47, 0.49 samples with temperature variation; dramatic first-order transitions were revealed in the resistivity data [see Fig. 1(c) ]. Figures 3(a-b) show the evolution of a (3 1 1) peak upon heating for x = 0.47 and 0.49, respectively. In Fig. 3(a) , the diffraction peak in the insulating phase at a higher d-spacing (∼ 1.7312Å) at about T = 55 K, continued to weaken as the temperature was lowered, whereas the same (3 1 1) peak from the metallic phase began to emerge at a smaller d-spacing (∼ 1.7279Å) at around 47 K. These features coexisted over a narrow temperature range before the former peak at the higher d-spacing disappeared at about T = 38 K within the experimental error. The observed transition temperature is consistent with T IM of x = 0.47 found in the resistivity data [see a sudden drop in resistivity in Fig. 1c) ]. This behavior is qualitatively the same for x = 0.49 as shown in Fig. 3(b) , with a higher transition temperature at about 65 K, and is reminiscent of the coexistence of metallic and insulating phases previously studied in VO Measurements were repeated with the non-IM sample (x = 0.24) for a comparative analysis; there was no evidence of any anomaly in the parameters examined (a c , d Ni−X and d X−X ), as summarized in Fig. 3 (e). This observation can be considered with respect to the cubic crystal structure with an arrangement of Ni -X -XNi ions along the cubic diagonal direction [depicted as a black dashed line in Fig. 1(a) ]. The reduction in the cubic volume with Se doping corresponds to direct contraction of the diagonal distance containing d X−X , expecting a subsequent sudden contraction of d X−X . However, our XRD results showed that the lattice contraction accompanies with d Ni−X via the transition [the blue solid bond in Fig. 1(a) distinct from the diagonal direction]. This counterintuitive result indicates that the hybridization of Ni and X ions via the transition plays a more significant role than that of the chalcogen dimers.
IV. RAMAN SCATTERING ON SINGLE CRYSTALS
To further explore the evolution of the chalcogen dimer through the IM transition, we performed Raman scattering measurements on x = 0.45 (T IM ∼ 31.5 K) and x = 0.23 (no transition) single crystals [see Appendix E for characterizations of single crystals]. Because Raman scattering is insensitive to the vibrations of nickel ions located at the inversion symmetry position, it is a suitable tool to investigate the dynamics of only chalcogen ions through examining the effect of Se substitution in NiS 2−x Se x . In this regard, it would be intriguing to prove if the changes in electric properties in NiS 2−x Se x are accompanied by corresponding anomalies in the Ramanactive phonon vibrations in the dimer model. Also, Raman measurement may provide evidence of a structural anomaly related to the dimer in NiS 2−x Se x with doping and temperature, by exploiting its high sensitivity to structural and magnetic transitions 23, 24 . However, in the literature, unpolarized Raman measurements of NiS 2−x Se x 20,25-27 are only reported, mostly at room-temperature. Low-temperature measurements on NiS 2−x Se x provide deeper insight into the dynamics of chalcogen bonds upon doping and temperature variation via electronic transitions. In particular, polarized analysis with single crystals allows unambiguous assignment of in-phase and out-of-phase stretching vibrations of all possible chalcogen pairs (S -S, S -Se and Se -Se) based on the symmetry argument.
Therefore, polarized Raman measurements were conducted at room-temperature and lower temperatures on two crystals. Representative Raman responses are shown in Figs Group analysis predicts five Raman-active phonons in
28 . Previous unpolarized Raman measurements on NiS 2 20,25-27 revealed A g (in-phase) and T g (out-of-phase) stretching modes of the S -S bond at around 470 cm −1 and two very weak rotational modes (of the dimer dumbbell) E g and T g near 270 cm ) from Se -Se degenerated inadvertently 20 with weak rotational modes (T g , E g ) from the S -S bond around 270 cm −1 . However, strong A g (in-phase) and T g (out-of-phase) stretching modes of all three chalcogen bonds in NiS 2−x Se x compounds were detectable separately via the polarization measurements, as shown in Figs. 4(a-d) ; their phonon energies decreased in the order of S -S, S -Se and Se -Se, as the mass of the chalcogen bond became heavier 20, 25 . Raman measurements were performed at various temperatures from 24 K (the base temperature) to 312 K (close to room-temperature); two representative end temperature datapoints are shown in Figs. 4(a-d). They were obtained using parallelc(bb)c and perpendicularc(ab)c polarizations 28 , where the first (second) axis inside the parenthesis refers to the polarisation of incoming (outgoing) light, and the left (right) axis outside the parenthesis corresponds to the incoming (outgoing) direction of light [see Appendix F for details, including the Raman intensity tensors in Eq. (F1)]. For more accurate determination of peak positions, both inelastic and elastic signals were measured simultaneously, and Raman peaks were calibrated based on the corresponding elastic peak [see Appendix F for details].
With the room-temperature Raman data (qualitatively consistent with the literature [25] [26] [27] ), the assignment of Raman-active phonons was based on their symmetry relations with respect to the light polarizations, the doping dependence of relative intensities, and the energy shift due to the change in the reduced masses of the dimers 20, [25] [26] [27] in two crystals (x = 0.45 and 0.23): A g and E g inc(bb)c and T g phonons inc(ab)c. Compared to x = 0.23, phonons in x = 0.45 showed decreased wavenumbers; this observation can be understood in terms of the increased distance between chalcogen ions. Also, the intensity of the S -Se relative to that of the S -S phonon was larger in the more highly doped crystal, owing to larger population of S -Se bonds To quantitatively determine the positions of phonons, data were fitted with pseudo-Voigt profiles [see Appendix F for test results with profile functions]; peak positions were normalized by room-temperature values by comparing trends in the normalized peak positions with temperature, as illustrated in Figs. 4(e-g ). There was no evidence of any anomalous feature in phonon wavenumber through the IM transition for x = 0.45 [Figs. 4(a, b) and (e, f)] and x = 0.23 [see Figs. 4(c, d, g )] samples; this Raman evidence is consistent with powder XRD results shown in Fig. 3(c-e) . The peaks of all three chalcogen bonds shifted monotonically toward a higher energy; this can be understood as a simple hardening of phonons owing to more contracted bonds at a lower temperature. We should mention that the temperature shown here is rather representative due to beam-heating [estimated and explained in Appendix G], implying that no anomaly is observed around T IM in x = 0.45, similar with the results for x = 0.23. We also observed a new Raman peak denoted as N1 in thec(ab)c polarization for x = 0.45; its temperature dependence was similar with those of other peaks, and thus was not associated with the transition. However, this could indicate an inhomogeneity of Se -Se bonds in the x = 0.45 sample.
It is also worth noting that saturated and softened phonon peaks (most prominent for A g modes) at lower temperatures in both crystals may be indicative of coupling with an antiferromagnetic magnetic structure [see Fig. 1(b) ], referring to a similar Raman feature observed in the magnetoelastic distortion of EuCrO 3 24 . The peak determination for some data [i.e., 132 K for x = 0.45] is ambiguously affected by a strong ice peak nearby; this increases the uncertainty in the extracted peak positions, and for this reason such peak positions are not displayed in Figs. 4(e-g). There were no anomalies in the peak widths (not shown) through the transition temperature in x = 0.45 and x = 0.23 samples. For completeness, fitted peak positions are listed in Table I , and the entire set of Raman data is shown in Fig. 11 in Appendix F.
V. DISCUSSION
The key observation in this paper is an anomalous contraction of d Ni−X , in sharp contrast to d X−X via the IM transition. d Ni−X exhibited a noticeable contraction through the transition with respect to both doping concentration and temperature, whereas d X−X did not show any particular anomaly, as confirmed by both XRD and Raman measurements [Figs. 2(c-d) and 3(c-e), respectively]. If there is a significant contraction of X -X at the transition temperature, the ion-selective Raman scattering should reveal a sudden change in X -X phonons, such as that observed at 230 K in (chromium-doped)
29 . However, our Raman data indicated only a simple hardening of stretching frequencies of chalcogen bonds near the transition temperature, consistent with the XRD data. Therefore, we conclude that there is only a sharp contraction in d Ni−X at the transition, with a monotonic change in d X−X remaining.
In general, the reduction of the interatomic distance tends to increase the bandwidth 1 ; hence, the decrease in d Ni−X increases the bandwidth 11 and/or the d-p hybridization 8 . Given that the level of the d Ni−X contraction at the transition is comparable with that of the lattice parameter contraction [such that the volume a 3 c changes as shown in Figs. 3(c-d) ], the d Ni−X contraction appears to be related more strongly to the driving force for the transition than the dimer. If the dimer is a direct driving factor for the IM transition, d X−X would exhibit the anomaly across the first-order transition temperature; however, our XRD and Raman measurements did not show evidence of this.
The sudden drop in a c (with the volume decrease) with decreasing temperature, which concurs with the transition 30, 31 , can be understood by the Clausius-Clapeyron relation 16, 31 , an equation describing the entropy change between insulating and metallic phases. The calculated entropy change (from the x = 0.49 data shown in Fig. 3(d) ) is compatible with the value from heat capacity measurements 32 , demonstrating the first-order nature of the transition in NiS 2−x Se x . As this firstorder transition can be attributed to various origins, it is important to point out that the entropy change 32 by the volume contraction is tiny [i.e., only about 0.2 % for the temperature shown in Figs. 3(c-d)] , and is comparable with other materials proposed in terms of the electronic-driven transition 31 . Also, our Raman measurements revealed only a slight monotonic shift in the stretching frequencies near the transition temperature, thus decreasing the likelihood of a significant contribution to the entropy (in sharp contrast to (chromiumdoped) V 2 O 3 29 ). Therefore, our data favor an electronic origin, as opposed to a dimer-driven mechanism. Furthermore, the CT picture is consistent with a recent observation of a bandwidth-controlled transition by angleresolved photoemission spectroscopy measurements 7,33 , explained with respect to a first-order transition at the microscopic scale 33 . On the other hand, it would be interesting to note a possibly distinct mechanism of a pressure-induced IM transition. Pressure-dependent single crystal XRD 34 and Raman spectroscopy 26 made at room temperature reported potential anomalies of the bond lengths and vibrations of the chalcogen dimers respectively in the context of the transition. This could mean a non-negligible role of the chalcogen dimer in the transition under pressure, which may indicate a different microscopic origin of the pressure-induced transition from those of the dopingand temperature-induced transitions. This counterintuitive complexity further makes these compounds highly intriguing to investigate the detailed microscopic mecha-nisms of the IM transitions driven by various perturbations.
Although we did not observe any structural transition in the NiS 2−x Se x doping concentrations studied, it would be worthwhile to investigate the possibility of a structural transition in NiS 2−x Se x . Given that d S−S in NiS 2 35 is very different from d Se−Se in NiSe 2 35 , any periodic modulation induced by substituted Se ions in NiS 2−x Se x will naturally break the parent cubic symmetry, inducing peak splitting and/or the emergence of new nuclear Bragg peaks. However, our XRD results did not show any evidence of these features within experimental error, despite the high resolution of the measurements. Instead, our data fit well with the parent cubic crystal structure (No. 205, P a3) having a single Wyckoff site (8c) for both S and Se ions [as given in Table II 
Nevertheless, it might be possible that very weak structural distortions take place beyond our experimental sensitivity. For instance, the d-spacing resolution of our xray measurements (to be able to detect the change in the lattice parameter) is of the order of 0.01Å, which is still one order bigger than the 0.001Å order from thermal expansion measurements 36 ; thus, the latter technique may be able to resolve very small structural distortions in NiS 2−x Se x , similar with the proposed structural distortion in NiS 2 at low temperatures 36 . Our combined experimental results are consistent and well explain the first order transition; our findings also emphasize that refined crystal structures with well-fit high-quality XRD data can serve as reliable experimental constraints when examining the microscopic mechanisms of the IM transitions, such as that involving ab initio band structure calculations.
VI. SUMMARY
We performed high-resolution XRD measurements on high-quality polycrystalline samples and Raman scattering experiments on high-quality NiS 2−x Se x single crystals. A detailed structural study with powder XRD measurements indicated that first-order IM transition accommodated a sudden contraction of d Ni−X with a hardly noticeable anomaly in d X−X , with both doping and temperature variations. The potential impact of chalcogen dimers on the electronic and structural transition were investigated by Raman scattering; only a monotonic trend of hardening of lattice dynamics, without any anomalous signature from the d X−X dimer phonons, was revealed in a good agreement with XRD results. These observations imply the significant effect of the interaction between Ni and chalcogen ions in the IM transition, as opposed to those involving the dimer, thus suggesting the important role of p-d hybridization in the metallization process of NiS 2−x Se x compounds at low temperatures. Fig. 1(b) ]. Two grams of starting powder, consisting of Ni (99.99 %), S (99.9995 %) and Se (99.999 %), were mixed well with 3 % of excess S and Se to compensate an unavoidable evaporation of chalcogen ions during the heating, targeting fully occupied anion ions in powder samples. The pelletized powder was placed in an evacuated silica tube and heated to 720
• C, at a rate of 20 • C per hour, inside a box furnace and maintained for 3 days. The resultant powder sample was roughly checked by x-ray measurements to confirm an absence of any secondary phase, followed by a second sintering to improve powder quality. The sintered powder showed very good sample quality without a secondary phase in x-ray measurements.
Single crystals were also grown via a chemical vapour transport method using Cl 2 gas 16 . The well-ground starting polycrystalline sample (0.8 g) was sealed under 0.5 atm of Cl 2 gas in an evacuated silica ampoule (inner diameter: 15 mm; length: 13 ∼ 14 cm) inside a two-zone furnace. The middle temperature of the ampoule was maintained at about 745
• C with a temperature gradient of 2
• C/cm. Single crystals, typically up to 1 ∼ 2 mm, were synthesized on the tube edge after about a month. The crystals typically exhibited shiny and flat surfaces of (0 0 1) facets 37 , characterized by the Laue diffraction and four-circle XRD measurements (not shown). Note that the data are normalized by an intensity of (2 0 0) peak (near 2θ ∼ 31
• ) for a better comparison of data collected from different doping concentrations.
Appendix B: Resistivity
Resistivity measurements of pelletized and sintered powder samples (1 × 2 × 0.8 mm 3 ) were performed with Physical Property Measurement System (from Quantum Design). The temperature was scanned at a constant rate of 3 K/min from T = 5 K to 300 K using a standard four-probe method with gold wires as contacts.
Appendix C: Powder X-ray diffraction
Using high-quality powder samples grown by the method detailed in Appendix A, XRD measurements were performed with a Rigaku D8 advance highresolution x-ray diffractometer using a Bragg-Brentano geometry with a Cu K α1,2 source. No monochromator to screen Cu K α2 was used (so Fullprof codewords were applied accordingly), but the Ni filter on the detector "arm" was used to suppress Cu K β x-ray beams. The following instrumental conditions were applied: 280 mm (radius) diffraction arm; 0.26
• (0.6 mm) divergence slit; 1.32
• (3.0 mm) anti-scatter slit; primary Soller slits with 2.5
• opening. A small mass (approximately 120 mg) of powder sample was well-spread on a circular sample holder to ensure good-quality diffraction patterns. Powder XRD data was collected in a continuous mode at a rate of 1.335 seconds / step and a step increment of 0.01
• . A cryostat was installed for low-temperature measurements. After vacuum pumping of the chamber for several hours, the chamber was cooled to the starting basetemperature (12 K) before beginning the measurements. Notably, the cooling data was qualitatively the same as the heating data, with a marginally lowered transition temperature by about 0.5 K; this difference is consistent with resistivity measurements (not shown). The x-ray diffractometer was calibrated by aligning components before collecting the main data; this improved the 2θ-resolution, particularly in the region of higher 2θ. An aging effect was observed in powder samples, such that magnetic susceptibility at low-temperature increased significantly after several months (not shown) in accordance with observations from a previous study 38 . Thus, XRD measurements were performed soon after synthesizing powder samples. No obvious evidence of degradation of single crystals was observed (over the course of several years).
Appendix D: Structure determination
The full XRD data scan ranged from 20
• ≤ 2θ ≤ 120 • ; however, the pattern beyond 2θ > 65
• was too weak to be used for the refinements. Thus, for simplicity, diffraction data (red circles) with fitted patterns (black solid lines) are shown only for the range 25
• ≤ 2θ ≤ 65 • in Fig. 5 to Fig. 9 .
In the refinement, a zero-shift and lattice parameters were first found using Le Bail fits, based on relevant instrument parameters. Full structural information was then obtained via structural refinements in the order of S (Se) position, the isotropic thermal parameter (B iso ) of Ni, and S (Se) atomic sites. Several other sequences were also tested in the fits, with no meaningful difference detected in the refined crystal structures.
More realistic Se-dopings (x) than the nominal values in powder samples were determined through three kinds of refinements.
First, Vegard's law between NiS 2 (a c = 5.6873Å) 35 [close to our single crystal XRD results (not shown)] and NiSe 2 (a c = 5.9629Å) 35 was utilized to estimate the actual doping, followed by the Rietveld refinements to extract structural parameters. Second, the relative ratios of S and Se occupancies were fitted, assuming the full occupancy in the same 8c Wyckoff site. The deviation of refined Se-dopings (x) from the values obtained with Vegard's law was only within 0.018 over the entire powder sample, which was much smaller than a typical step of nominal x values (δx = 0.05 or 0.1) in our series of powder samples. Last, occupancies of chalcogen ions were refined independently although their fits were least stable; however, nearly same structural parameters (i.e., d Ni−X , d X−X and a c ) were obtained, comparable with those using Vegard's law [as shown in Figs. 2(b-d)] . The high quality of our power sample made this fit (with free occupancy parameters) more reliable [see very small values of refinement parameters, R p , R wp and R exp in Tables II and III] : in fact, many of refinements parameters are even comparable with those from standard LaB 6 powder samples (R p ∼ 14.7; R wp ∼ 11.9) (not shown). As a result, a more realistic Se doping scheme was adopted based on Vegard's law (the first method). We assumed that full site occupancies in all XRD data with x = 0.24, 0.43, 0.47, 0.49, 0.52, 0.60, Tables II  and III] . This in-depth analysis makes the anomalous trend of structural parameters shown in Figs. 2(b-d) in the main text more convincing.
All doping-dependent XRD data collected at the 298 and 12 K are presented in Figs. 5 and 6 , respectively. The most prominent change in the diffraction pattern in terms of Se doping was in the relative intensities of the three strong peaks from 30
• ≤ 2θ ≤ 40
• surrounded by dashed black lines. This enables more reliable structural refinements.
All temperature-dependent XRD data for three powder samples (x = 0.49, 0.47 and 0.24) are shown in Fig. 7 to Fig. 9 , respectively. In the experiment, data quality was checked at 292 K, followed by the collection of the full diffraction data set as the samples were heated from 12 to 292 K. In the refinement process, a c extracted from the full XRD data collected at 298 K [filled symbols in Fig. 1(d) ] was used as a starting value to obtain a c parameters of the remaining temperature data [empty symbols in Fig. 1(d) ] in the subsequent Le Bail fit. This was cross-checked by refinements starting with 12 K data for x = 0.49, with consistent results.
As a representative sampling of data quality with corresponding analyses, the entire XRD data set is shown for the x = 0.49 sample over a wide temperature range in Fig. 7 . Figure 7(a) shows the overall change in the diffraction patterns with temperatures. Figure 7 (b) reveals a clear jump in the chosen (3 1 1) Bragg peak in terms of 2θ through the transition to the lower temperature. Figure 7 (c) shows reliable refinements, capturing a small peak feature near the transition; notably, the double-peak structure of the whole pattern makes the refinement worse due to the coexistence of the metallic and insulating phase [see Fig. 3(b) ]. This was further verified in a failed refinement trial with the (3 1 1) peak data collected to the closer transition temperature (not shown). For completeness, the extracted structural information from all XRD data is summarized in Table II and III.
High-quality crystallites of our powder samples were further corroborated with preliminary synchrotron powder XRD data (not shown). The fitted lattice parameters from the D8 XRD data collected at the home laboratory were used to fit the synchrotron XRD data, to determine the lower and upper bound of the inhomogeneous Se doping for each sample. Via Vegard's law, tiny inhomogeneity concentrations (less than ∆x = 0.011) were resolved from the same powder samples (x = 0.43, 0.47 and 0.52) previously measured by the D8 XRD system. Thus, the refined Se doping values shown in this paper are representative with a good accuracy. In the inset, the same differentiation method is used to obtain the transition temperature with the resistivity data for consistency [see the inset of Fig. 1(c) ].
Appendix E: Characterizations of single crystals used for Raman measurements
Two single crystals (x = 0.23 and 0.45, deviated from nominal 0.2 and 0.45 dopings, respectively) studied by Raman scattering were also characterized by Magnetic Property Measurement System (from Quantum Design), supplemented by four-circle single crystal XRD measurements. Magnetic susceptibility data in Fig. 10 showed a clear signature for the IM transition at about 31.5 K in x = 0.45 whereas this feature was absent in x = 0.23 with two reproduced long-range magnetic transitions 16 . More realistic dopings of x = 0.23 and x = 0.45 were obtained from the four-circle single crystal XRD measurements using Vegards law with a fitted lattice parameter a c , based on two nuclear Bragg peaks of (2 0 0) and (4 0 0). In particular, the Se doping of the x = 0.45 crystal was consistently estimated with a fitted solid black line connecting extracted transition temperatures in Fig. 1(b) obtained from resistivity and high-resolution XRD measurements of powder samples.
Appendix F: Raman Scattering
Raman spectra were collected with a Jobin Yvon Typ V 010 LabRAM spectrometer 24 (with the linearly polarized 632.817 nm red light from a He/Ne gas laser) using high-resolution 1800 lines/mm grating monochromator with an instrumental resolution of about 1.8 cm
(measured with a standard Neon lamp). Lower temperature was attained using a CryoVac crostat with a copper cold finger. Single crystals were mounted with a Leit-Silver paste to ensure the fast and reliable thermal equilibrium between room-temperature and the base temperature (∼ 10 K in the cryostat as measured by a Lake Shore temperature controller). The low temperatures were also checked using the already-known Raman spectra from standard materials; i.e., Si 39 , GaP 40 using a general hardening of phonon peaks with cooled temperatures; SrTiO 3 41 using a new peak that only appears below about 94 K. The Raman beam was focused to a circular spot (a few micrometer in the diameter) on the sample's surface using a Nikon 50x lens. Note that the green 514 nm light from an argon+krypton ion laser (Innova i70c-spectrum) with a JobinYvon T64000 spectrometer was also used, finding no noticeable difference in the Raman spectra at room-temperature.
Importantly, to more accurately determine the wavenumbers of phonon peaks, a secondary Rayleigh filter was equipped to further suppresses an elastic scattering peak. This specialized setup allows the simultaneous measurement of an elastic peak and inelastic peaks. In the collected data, the zero-energy peak was first fitted and shifted to the nominal 0 cm −1 position in the spectrometer, and the positions of inelastic peaks were calibrated accordingly. The insignificant change in the Raman signal with the secondary Rayleigh filter was also confirmed, as this effectively cuts off signals only close to the elastic line. Typical measurements were performed longer than 30 minutes, and much longer measurements (i.e., 8.5 hours) were carried out to confirm very weak signals for some selected data. To optimize the signal-tonoise signals, the Raman beam was focused laterally with the microscope at each temperature. Nearly the same beam position on the crystal was used for all temperature data. Raman signals from various positions on the crystals did not exhibit significant differences, and this homogeneous chemical composition was further supported by scanning electron microscope and energy-dispersive x-ray spectroscopy analyses (not shown).
Polarized measurements enable Raman peaks to be distinguished by the symmetry argument. The point group T h (m3) [with a space group P a3 (No. 205)] predicts five Raman-active modes, factorized as A g + E g + 3T g 28 . The point group determines the Raman intensity tensor depending on the given directions of light and polarization. For example, the Raman intensity tensor matri- With the backscattering geometry, we employ a Porto's notation 43 to describe the direction and polarization of incident and scattered light in the form of k i (E i E s )k s , where k i (k s ) is the direction of incident (scattered) light and E i (E s ) is the polarization of incident (scattered) light. Two polarizations [parallelc(bb)c and perpendicularc(ab)c polarizations] were used, where a, b and c indicate the cubic crystallographic directions. This notation was used instead of X, Y and Z to avoid any confusion with other notations in this paper, and a bar indicates the negative direction.
For completeness, the full Raman data set is shown in Fig. 11 . In addition to stretching phonon modes [see Figs. 4(e-g)], a few other weak peaks were observed; however, such peaks could not be readily identified. For instance, the tiny peaks around 200 meV are too close to a stronger ice signal nearby. Additionally, weak shoulder peaks appeared at a lower wavenumber of A g (SeSe) peaks; these features may be related to the rotation modes (such as E g ) of S -S bonds 20 energetically close to the stretching modes of Se -Se. Raman data were fit using a convoluted pseudo-Voigt function of Lorentzian and Gaussian profiles 27 to quantitatively describe phonon peaks by extracting more accurate peak positions. A more conventional Raman fitting method 44 was also applied, to take into account the electronic response; however, this was not successful, most likely due to much weaker broad continuous signals below the main phonon peaks, especially towards the lower wavenumber in the polarized Raman data than the unpolarized counterpart. Thus, we focused more on extracting phonon wavenumbers with two representative crystals (x = 0.23 and 0.45), to locate any phonon anomaly related to the transition with temperature and doping variations. Fitting with the convoluted pseudo-Voigt function works much better with an empirical linear background combined with a constant background [visualized as solid black lines in Figs. 4(a-d) and Fig. 11 ].
Appendix G: Beam-Heating in Raman Scattering
Independent Raman measurements were conducted to estimate the beam-heating effect by tracing the shift of phonon peaks with laser power at room-temperature. With two representative single crystals [x = 0 and 0.58, which were also characterized by susceptibility and fourcircle single crystal XRD measurements (not shown)], we chose the A g (S -S) phonon in a parallel polarization c(bb)c due to a stronger intensity and more symmetric peak shape than the others. Their peak positions were normalized by the reference phonon wavenumber measured with the lowest Raman laser power, in which beam heating is clearly not present. Figure 12 illustrates the relative peak positions (symbols) and their fits (solid lines), showing a nearly flat behavior from zero power up to 0.8 mW for x = 0.0 (0.5 mW for x = 0.58 as a minimum level of power without heating), followed by the onset of a gradual softening of phonons owing to beam heating. The data revealed that the beam-heating effect seems to occur similarly from 0.8 mW for both samples, indicating a general trend of it over the wide range of Se doping up to x = 0.58. However, we should mention that it is rather difficult to determine the precise laser power at which beam heating clearly begins; thus, the lower-bound value of the laser power with the x = 0.58 data is shown in Fig. 12 as a reference. The complete list of peak positions used for this analysis is given in Table IV. In the Raman data shown in Fig. 4 in the main text, 2.11 mW was used (except for the lowest temperature data collected at 1.19 mW), which allows a clear detection of even weak Raman peaks, such as A g (Se -Se) and T g (Se -Se) modes between 270 and 290 cm −1 . This is especially helpful in tracing the evolution of Se -Se phonons with temperature and testing the role of the Se -Se dimer in the transition 13 . We estimated an averaged beam-heating of ∼ 20 K (∼ 13 K for 1.19 mW setting), assuming a linear evolution of phonon peaks from roomtemperature down to 202 K. This is a reasonable assumption based on a similarly observed linear trend in phonon shifts with temperature [ Figs. 4(e,g) ]. The temperatures in Fig. 4 and Fig. 11 were calibrated accordingly. (13) 0.378 (13) 
